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The two-way shape memory effect in monolithic shape memory alloys has been widely investigated both theoretically and experimentally. In the present study, this effect is analyzed for shape memory alloy composites by employing a micromechanical model. To this end, the responses of polymeric matrix and metal matrix unidirectional composites with embedded shape memory alloy fibers are determined. For the polymeric matrix composite, the effect of axial, transverse and shear loadings as well as the fiber volume fraction on the resulting two-way shape memory behavior are studied. The local distributions of stresses among the shape memory alloy fiber and epoxy matrix in the low-and high-temperature shapes of the composite are also investigated. Two training procedures that generate the two-way shape memory effect in the metal matrix composite are offered. The present analysis shows that the two-way shape memory effect in the chosen type of metal matrix composite is not as useful as in the polymeric matrix one. Finally, for a polymeric matrix composite that is subjected to a transverse normal loading, the effect of imperfect bonding between the shape memory alloy fibers and the neighboring matrix is investigated.
Ó 2008 Elsevier Ltd. All rights reserved.
Introduction
Shape memory alloys (SMAs) have attracted much attention in the past two decades, especially due to their various applications in smart structures, medical devices and actuators. This is because these materials exhibit extremely large, recoverable strains resulting from stress and temperature induced transformations between austenitic and martensitic phases.
The macroscopic behavior of shape memory alloys may be divided into two major phenomena. The first one is usually known as pseudoelasticity (PE), in which nonlinear elastic behavior is observed. In particular, very large strains upon loading are being generated, but full recovery is achieved in a hysteresis loop upon unloading. The second phenomenon is known as the shape memory effect (SME), which may be also divided into two. If the shape memory alloy experiences the one-way shape memory effect it exhibits large residual strains after loading and unloading cycle. These strains may be fully recovered simply by raising the temperature of the body. Here, only one stable shape of the alloy is identified: a high-temperature shape in the austenite phase. While both the pseudoelasticity and the one-way shape memory effect are intrinsic characteristics of the alloy, the two-way shape memory effect is an acquired characteristic. It can be obtained by applying a specific thermomechanical loading cycles (usually refer to as training) which results in a generation of permanent defects (see for example, Perkins, 1974; Stalmans et al., 1992; Hebda and White, 1995; Miller and Lagoudas, 2001; Lahoz and Puertolas, 2004; Patoor et al., 2006; Abel and Luo, 2007) . These defects are effectively considered as non-homogeneous plastic strains at the martensite or austenite phases. The outcome of the appearance of these strains is an alloy which exhibits two stable shapes instead of one: a high-temperature shape in the austenite phase and a low-temperature shape in the martensite phase; the transition between these shapes may be carried out by applying a temperature change without any mechanical loading. As a result, the two-way shape memory effect forms the basis of an actuation mechanism which may be utilized in industrial and surgical applications. More details about the characteristics and applications of the SMA materials can be found in the recent book edited by Lagoudas, 2008. This study focuses on a specific training procedure in which deformation due to martensite reorientation results in internal plastic strains. As discussed by Liu et al. (1999) , these strains are essential to compensate for the orientation mismatch that occurs between martensite variants in neighboring grains. From a macroscopic point of view, this mechanism results in a two-way shape memory effect which represents the directional dependency of the generated internal stress field due to applied thermal loading. In other words, if an external load is applied at a constant temperature which is lower than the martensite final temperature M f , martensite reorientation is generated. At this state, while keeping the alloy loaded, two stable shapes can be identified: a low-temperature shape in the detwinned martensite phase and a hightemperature shape in the austenite phase. It may be noted that many actuators, especially in the aerospace industry, are designed with an initial state of pre-loading. A shape memory alloy which is initially pre-loaded to form a martensite reorientation (with T < M f ) can be utilized as such an actuator. Once it is pre-loaded, its shape can be changed simply by applying a suitable temperature change, without any additional mechanical loading.
Several attempts were made to model the two-way shape memory effect. Zhang et al. (1992) introduced a simplified onedimensional constitutive model where the contribution of the training process was modeled by means of a specific strain component that was added to the inelastic strain. This concept was extended by Bo and Lagoudas (1999) where one-dimensional constitutive equations for the accumulation of plastic strains were derived. In their study, Bo and Lagoudas (1999) examined a case where no saturation of plastic strains upon training is observed. Lexcellent et al. (2000) on the other hand, proposed a simplified phenomenological model with two internal variables, namely, the self accommodated volume fraction and the oriented product phase. Another term which represents the effect of training was added to the free-energy function. In Paiva et al. (2005) , onedimensional constitutive equations for monolithic shape memory alloys were presented. In their study, the two-way shape memory effect was modeled by means of a plastic strain component and a tensile-compressive asymmetry in the alloy behavior was considered. In all the above investigations, the two-way shape memory effect was modeled via the standard training procedure. In Helm and Haupt (2003) on the other hand, the two-way shape memory effect which is associated with martensite reorientation was modeled. In this model, three-dimensional governing equations for both one-way and two-way shape memory effect and pseudoelasticity were presented.
Although the aforementioned investigations give a good picture of the essential phenomena of the two-way shape memory effect in monolithic shape memory alloys, none of them suggest a methodology to predict the two-way shape memory effect in shape memory alloy composites. Hence, The main objective of this study is to develop a robust quantitative micromechanical procedure to obtain the effective mechanical properties and the behavior of shape memory alloy composites which exhibit the two-way shape memory effect. To accomplish this, the high-fidelity generalized method of cells (HFGMC) micromechanical model, first presented by Aboudi (2001) for electro-magneto-thermo-elastic composites, and Aboudi et al. (2001 Aboudi et al. ( , 2002 Aboudi et al. ( , 2003 for polymeric and metal matrix composites, is utilized. This model is capable to accurately predict the global (macroscopic) behavior of the composite by properly taking into account the detailed interaction between the various constituents. It may be noted that the HFGMC framework was successfully employed for different applications of shape memory alloy and shape memory alloy composites in the past (see for example, Aboudi and Freed, 2006; Freed et al., 2007; Freed and Aboudi, in press, 2008) and therefore this micromechanical method is chosen in this investigation.
As a first step in the micromechanical analysis, appropriate constitutive relations of the monolithic shape memory alloy need to be established. To this end, the constitutive model of Helm and Haupt (2003) for monolithic shape memory alloys is adopted. This model, briefly presented in Section 2, is incorporated with the HFGMC micromechanical analysis as the 'fiber' constituent in the composite. As the 'matrix' constituent, the standard governing equations for linearly elastic epoxy and elasto-plastic work-hardening aluminum are employed. In Section 3, the HFGMC micromechanical analysis is briefly described for the prediction of the response of the shape memory alloy composite. In Section 4, applications of the micromechanical model are presented. In this section, predictions of the one-way and two-way shape memory effects for both polymer matrix composite (SMA/epoxy) and metal matrix composite (SMA/aluminum) are shown and discussed. Finally, summary and conclusions are given in Section 5.
Constitutive equations of monolithic shape memory alloys
The modeling of the shape memory alloy composites begins by choosing an appropriate constitutive model for the shape memory alloy fibers. In this study, the model proposed by Helm and Haupt (2003) is adopted. A general inelastic framework for the derivation of three-dimensional thermomechanical constitutive equations for materials undergoing phase transformations is presented by this model. In this section, this model is briefly described with some minor changes. For a more complete description of the model, the reader is referred to Helm and Haupt (2003) .
As suggested by Helm and Haupt (2003) , the free-energy function w is decomposed into elastic w e and inelastic w s parts. The elastic part of the free-energy density function is given by phases (where superscripts A and M denote austenite and martensite phases, respectively). In Eq.
(1), I is the 3 Â 3 identity matrix and e is the elastic part of the total strain tensor where the decomposition
is adopted and d represents the inelastic strain tensor. An additional decomposition of the inelastic strain tensor is employed
where Y e1 is used to represent the energy storage due to internal stress fields and Y d1 is introduced to model the dissipation effects during the evolution of internal stresses. The inelastic part of the free-energy function is given by
where c 1 is a material property. Following classical arguments, the stress and internal stress tensors are derived from the free-energy components as follows
where r is the stress tensor, X is the internal stress field. Let the internal variable X ¼ X þ X h represents the overall residual stresses where
with hi as the McCauley brackets and c d is a material property. In Eq. (6), X h represents the residual stresses which are associated with temperature induced phase transformation. The evolution of the inelastic strain tensor d is governed by the flow rule
where f is a yield function which is given by
with k as an effective yield value. By combining Eqs. (8) and (7), it may be shown that
The inelastic multiplier k d may be explicitly determined as where g d and r d are material parameters, s eff ¼ kr D À Xk; Dw ¼ Du 0 À hDg 0 , and z SIM and z TIM denote the stress and temperature induced martensite fractions, respectively, so that the overall martensite fraction is given by 0 6 z ¼ z SIM þ z TIM 6 1. In Eq. (10), A and M represent the austenite and detwinned martensite phases, while e M represents the twinned martensite phase. Next, the evolution terms of the stress induced and temperature induced martensite fractions are given by 
It should be noted that Helm and Haupt (2003) established the corresponding energy equation to describe the coupling between the current temperature and the generated inelastic strains in the shape memory alloy. This is similar to the studies of Aboudi and Freed (2006) and Freed and Aboudi (2009) , in which the thermomechanical coupling of shape memory alloys and shape memory alloy composites was extensively investigated. Here however, we focus on the two-way shape memory effect; hence, the effect of thermomechanical coupling is neglected. The uniaxial stress-strain behavior of the monolithic SMA fibers is shown in Fig. 1a and b at reference temperatures h ¼ 240 K and h ¼ 300 K, respectively; isothermal conditions were assumed. The material properties are listed in Table 1 . In both cases, a maximum strain of jj ¼ 0:06 was reached. In Fig. 1a , the shape memory effect is simulated where an amount of residual strain are observed upon releasing the applied load. This strain may be fully recovered by raising the temperature (and activating the one-way shape memory effect). In Fig. 1b , a pseudoelasticity response is observed, where full recovery is achieved at each loading and unloading cycle through a nonlinear hysteretic response.
In Fig. 2a , the one-way shape memory effect is demonstrated. The shape memory alloy is initially at a state of twinned martensite at a temperature h ¼ 200 K which corresponds to the shape memory effect. Next, an external load is subjected to the alloy at the constant temperature of 200 K to induce phase transformation between twinned and detwinned martensite. Upon releasing the applied load to zero, residual strains are generated. These strains may be fully recovered by increasing the temperature. Specifically, during this temperature increase the reverse transformation to austenite initiates at h ¼ 268 K and finishes at h ¼ 291 K. The shape of the material (i.e., the strain) does not change upon an additional temperature change.
In Fig. 2b , the two-way shape memory effect is exhibited. The first stages of the process here are similar to those of the oneway shape memory effect. First, the shape memory alloy is at a state of twinned martensite at a temperature h ¼ 200 K which corresponds to the shape memory effect. Then, an applied loading is subjected and a stress induced transformation takes place. However, unlike the former case of a one-way shape memory effect, here the applied load is not released, but the temperature is increased incrementally until the detwinned martensite becomes austenite. The initiation of this process is identified at h ¼ 328 K,
and the material is fully transformed to austenite at h ¼ 366 K. Upon a subsequent temperature decrease, a phase transformation between the austenite and the detwinned martensite is observed. The analysis indicates that this transformation initiates at h ¼ 340 K and finishes at h ¼ 300 K. As a result, two stable shapes are observed for the monolithic shape memory alloy. The first shape is stable at low temperatures ðh < 300 KÞ while the second shape is stable at high temperatures ðh > 366 KÞ. The transition between these two shapes is carried out without any mechanical loading, but only by applying a temperature change.
Micromechanical analysis
In this study, the micromechanical model referred to as ''highfidelity generalized method of cells" (HFGMC) was employed to predict the effective properties and inelastic response of multiphase composites. This model is based on a homogenization technique of composites with periodic microstructure as shown in Fig. 3 . A typical repeating unit cell of such a composite is divided into arbitrary number of rectangular subcells, which are labeled by the indices ðb; cÞ; each subcell may contain a distinct homogeneous material. The dimensions of the subcell along the y 2 and y 3 axes are denoted by h b and l c , respectively. In addition, a local coordinate system ð y ðbÞ 2 ; y ðcÞ 3 Þ is introduced in each subcell whose origin a b Fig. 1 . Uniaxial stress-strain response of the monolithic shape memory alloy at temperatures: (a) h ¼ 240 K which is associated with the shape memory effect, (b) h ¼ 300 K which is associated with psudoelasticity. Table 1 Material properties of the shape memory alloy (Helm and Haupt, 2003 TðbcÞ are the total, inelastic and thermal strain tensors, respectively. For a particular shape memory alloy subcell, the inelastic strain increments at the various locations within the subcell are calculated using the flow rule given in Eq. (7), while the thermal strains are given in terms of the coefficients of thermal expansion multiplied by the temperature deviation from a reference temperature. For an elasto-plastic work-hardening material, the flow rule of the inelastic strain is given by the standard Prandtl-Reuss equations.
Next, in the HFGMC framework it is assumed that the displacement vector in each subcell is given by the quadratic form 
where is the applied (external) strain and the unknown terms W ðbcÞ ðmnÞ are to be determined by satisfying the equilibrium equations, the periodic boundary conditions and the interfacial continuity conditions of displacements and traction between neighboring subcells. It can be shown (Aboudi, 2001) , respectively. The periodic boundary conditions ensure that the displacements and tractions at opposite surfaces of the repeating unit cell of Fig. 3b (i. e., at y 2 ¼ 0 and H as well as y 3 ¼ 0 and L) are identical, A principal ingredient in the present micromechanical analysis is that all these conditions are imposed in the average (integral) sense. For example, the periodicity conditions for the displacement vector at the two opposite sides of the repeating unit cell of Fig. 3b are given by
In the framework of HFGMC, these point-wise conditions are replaced by
Similarly, the point-wise periodic boundary conditions that are given by u ðb1Þ j
are replaced by
In addition, the point-wise continuity of displacements and tractions between neighboring cells are also imposed in the integral sense. For example, the displacement continuity conditions at the interface between subcell ðbcÞ and its neighboring one ðbc þ 1Þ that are given by the other interfacial conditions. Once the equilibrium equations, periodicity conditions and interfacial displacement and traction continuity relations are imposed, a linear system of algebraic equations is obtained which can be represented in the following form
where the matrix K represents the material properties of the subcell and its dimensions, U contains the unknown terms W ðbcÞ ðmnÞ in the displacement expansion, Eq. (16), the f vector is associated with the externally applied strain and thermal effects, and g contains the inelastic effects expressed by integrals of inelastic strains. Upon solving the linear system of algebraic equations in Eq. (24), the stress and strain fields within each subcells may be determined. This is accomplished by means of the subcell strain concentration tensor A ðbcÞ which relates the local strain field to the externally applied one (see Aboudi, 2004 , for further details). As a result, the micromechanically established constitutive equations that govern the macroscopic (global) behavior of the multiphase material can be represented in the form
In this equation, r is the average stress in the composite, C Ã is its effective elastic stiffness tensor, and ; d and T are the macroscopic total, inelastic and thermal strain tensors, respectively. It may be noted that the HFGMC provides closed-form expressions for C Ã ; d and T in terms of the geometry of the repeating unit cell and the current material properties of its constituents. These closed-form expressions have been summarized and presented in Aboudi (2004) .
For composites that consist of standard polymeric and inelastic phases, results that illustrate the veracity of the HFGMC model prediction were presented by Aboudi (2001) and Aboudi et al. (2001 Aboudi et al. ( , 2002 Aboudi et al. ( , 2003 . In these references, the accuracy of both macro and local field predictions were verified by comparisons with available analytical and numerical approaches.
Applications
In this section, the micromechanical model predictions of shape memory alloy composites are examined for several applications. Specifically, the responses of unidirectional SMA/epoxy polymer matrix composite and SMA/aluminum metal matrix composite are determined. To this end, the repeating unit cell, depicted in Fig. 3b , was divided into N b ¼ N c ¼ 3 subcells with the shape memory alloy fiber located at its center. This discretization of the repeating unit cell provides, in the present case of fiber to matrix Young's moduli ratio, sufficient accuracy as long as the macroscopic response of the composite is sought. For the local distribution of the stress and strain among the SMA fiber and the matrix subcells, a more refined discretization is needed to exhibit the details of such distributions. In all cases, the material properties of the shape memory alloy fiber are given in Table 1 , while material properties of the elastic isotropic epoxy and the elasto-plastic work-hardening aluminum constituents are given in Tables 2 and  3 , respectively. Unless mentioned otherwise within the text, the shape memory alloy fiber volume fraction was taken as v f ¼ 0:3.
In Fig. 4a and b , the uniaxial stress-strain responses of the SMA/ epoxy composite material are illustrated at reference temperatures h ¼ 240 K and h ¼ 300 K, respectively, where isothermal conditions are assumed. To this end, two curves are shown in each figure. The bold line represents the uniaxial stress-strain behavior when the applied load is oriented in the axial direction (i.e., parallel to the fibers which are oriented in the 1-direction). The dashed lines on the other hand, represents the stress-strain behavior upon loading in the transverse direction (i.e., perpendicular to the fibers). Since the Young's moduli of the shape memory alloy fibers and the epoxy matrix are quite different (51.5 GPa and 3.45 GPa, respectively), some differences are observed between the responses in these directions.
In Fig. 5a and b, the one-way shape memory effect is demonstrated for the SMA/epoxy composite material for loading in the axial and transverse directions, respectively. In both cases, the temperature of the composite material is initially set to h ¼ 200 K (which corresponds to the shape memory effect). Thus, the shape memory alloy fiber is at a state of twinned martensite. Upon a subsequent applied external loading of the composite at the constant temperature of 200 K, a phase transformation between twinned and detwinned martensite is induced in the fiber. If the applied load is released to zero, macroscopic residual strains are observed in the composite material. As may be observed from Fig. 4a , the induced residual strains upon loading in the transverse directions are obviously greater than those generated by the axial loading. These strains may be fully recovered by increasing the temperature. For the case of axial applied loading (Fig. 5a) , the reverse transformation to the austenite phase begins at h ¼ 268 K and finishes at h ¼ 284 K; recall that for monolithic shape memory alloys the reverse phase transformation occurs in the range 268 K < h < 291 K. Hence, the epoxy constituent changes the transformation temperatures. In the case of the transverse loading (Fig. 5b) , the reverse transformation occurs at a narrower range of 266 K < h < 282 K. In other words, recalling that a larger amount of residual strains are being recovered, the evolution of the oneway shape memory effect is more rapid in the case of transverse loading. It should be noted that in both cases, the shape of the composite is not affected by an additional temperature change. The two-way shape memory effect of the SMA/epoxy composite is shown in Fig. 5c and d for loading in the axial and transverse directions, respectively. Here too, the temperature of the composite is initially set at a temperature of h ¼ 200 K to induce a twinned martensite phase in the shape memory alloy fiber. Then, an externally applied loading is imposed on the composite as a result of which a stress induced transformation occurs to form a detwinned martensite in the fiber. Upon a subsequent temperature increase, the detwinned martensite phase in the fiber is transformed to austenite. In the case of axial loading (Fig. 5c) , this process begins at h ¼ 339 K, and the material is fully recovered at h ¼ 435 K. Next, the temperature is decreased and a phase transformation between the austenite and the detwinned martensite phases takes place in the fiber. This transformation is initiated at h ¼ 407 K and finishes at h ¼ 307 K. In the case of transverse loading (Fig. 5d) , the reverse transformation occurs in the range of 306 K < h < 347 K while the forward transformation begins at h ¼ 318 K and finishes at h ¼ 260 K. In both axial and transverse loadings of the composite, two stable shapes can be readily observed in the shape memory alloy composite. The first shape is stable at low temperatures (h < 307 K and h < 260 K for the axial and the transverse loading, respectively) while the second shape is stable at high temperatures (h > 435 K and h > 347 K for the axial and the transverse loading, respectively). The transition between these shapes is carried out by applying the appropriate temperature change. It can be readily concluded that the embedded shape memory alloy fibers have a significant influence on the macroscopic response of the composite where both one-way and two-way shape memory effects can be detected and utilized.
The effect of the shape memory alloy fiber volume fraction of the SMA/epoxy composite on the two-way shape memory temperatures for applied axial and transverse loading is depicted in Fig. 6a and b, respectively. To this end, fiber volume fractions of v f ¼ 0:1; 0:3; 0:7 together with the monolithic shape memory alloy ðv f ¼ 1Þ are shown. Obviously, the axial and transverse responses of the latter are identical, which results from the isotropic behavior of the monolithic shape memory alloy; hence, its response is drawn only in Fig. 6a . Let us define stability temperatures as the two temperatures which are associated with the stable shapes of the shape memory alloy composite. Between these two temperatures, phase transformation takes place in a hysteretic loop. Above and below these extreme temperatures, the high and low-temperature shapes can be identified (for the monolithic shape memory alloy shown in Fig. 2b for example, the stability temperatures are 300 K and 366 K). Consequently, for both axial and transverse loading, it may be easily observed from Fig. 6 that the fiber volume fraction strongly affects the stability temperatures of the twoway shape memory process. To this end, two extreme cases can be identified: for v f ¼ 1, the range of stability temperatures is the smallest, while for v f ¼ 0 (i.e., pure epoxy), the two-way shape memory effect does not exist. For axial loading, the stability temperatures were found to be: h ¼ 317 K and 494 K for v f ¼ 0:1, h ¼ 310 K and 431 K for v f ¼ 0:3, h ¼ 303 K and 376 K for v f ¼ 0:7, and h ¼ 300 K and 366 K for the monolithic shape memory alloy ðv f ¼ 1Þ. In other words, the temperature change which is needed for transition from the low-temperature shape to the high-temperature shape decreases with the increase of the fiber volume fraction. In the case of transverse loading, similar behavior is observed. Specifically, the stability temperatures were found to be: h ¼ 258 K and 356 K for v f ¼ 0:1, h ¼ 258 K and 344 K for v f ¼ 0:3, and h ¼ 263 K and 335 K for v f ¼ 0:7. In addition, it appears that the stable shapes are sensitive to the temperature change as the fiber volume fraction decreases (note that the strains outside the stability temperatures are not constant). This reflects the variations of the effective thermal strains of the composite material with the temperature change (it should be noted that the coefficient of thermal expansion of the epoxy matrix is much greater than that of the shape memory alloy fiber, resulting in a larger amount of macroscopic thermal strain with the decrease of fiber volume fraction).
Another case of loading that generates the two-way shape memory effect in the SMA/epoxy composite material with fiber volume fraction of v f ¼ 0:3 is demonstrated in Fig. 7a and b . Here, the composite is subjected to an in-plane transverse shear loading at a constant temperature h ¼ 200 K to induce detwinned martensite. In this case, 23 -0 while all other macroscopic strains are zero.
By subsequently increasing the temperature of the composite material, the detwinned martensite in the shape memory alloy fiber is recovered to austenite. If the temperature of the composite material is then decreased, a forward transformation occurs in the shape memory alloy fiber from the austenite phase to the detwinned martensite phase. This two-way shape memory process is illustrated in Fig. 7a . It may be noted that once the current temperature of the composite changes, additional macroscopic strain components are generated resulting from the mismatch between the coefficients of thermal expansion of the shape memory alloy fiber and the epoxy matrix. In Fig. 7b , the induced macroscopic axial strain 11 with respect to the current temperature is depicted. Note that the scale of this strain component is much smaller than that of the applied shear component 23 in Fig. 7a . At first, a linear relation between the temperature and the axial strain that represents the linear expansion due to heating the composite is observed. At h ¼ 286 K, inelastic transformation strain is generated in the axial direction in the shape memory alloy fiber. This can be identified by the change of the slope of the curve of the macroscopic strain component 11 . At h ¼ 333 K, reverse transformation takes place in the shape memory alloy fiber and, consequently, the macroscopic axial strain component 11 decreases with the temperature increase. Similar behavior can be detected in Fig. 7a for 23 . At h ¼ 340 K, the shape memory alloy fiber is fully austenitic and the composite material is in its high-temperature shape. Upon a subsequent temperature decrease, forward transformation between the austenite and the detwinned martensite phases begins at h ¼ 311 K and finished at h ¼ 280 K. At this stage, the low-temperature shape is attained.
The stable shapes appears to be insensitive to the temperature changes in the sense that the macroscopic shear strain 23 is constant outside the range of the stability temperatures, see Fig. 7a . This is due to the fact that from a macroscopic point of view, the composite behaves effectively as a transversely isotropic material Fig. 6 . The effect of the fiber volume fraction on the two-way shape memory behavior of the SMA/epoxy composite material upon (a) axial, (b) transverse loading. Fig. 7 . The two-way shape memory effect of the SMA/epoxy composite material upon shear loading: (a) the response of the in-plane macroscopic shear strain 23, (b) the response of the axial macroscopic strain 11.
in which macroscopic thermal strains do not develop in the shear directions. Furthermore, at a first look it seems as the macroscopic axial strain component 11 , Fig. 7b , is sensitive to the temperature change. Recalling that the scale in Fig. 7a is one order of magnitude greater than that of Fig. 7b , it is realized that the sensitivity of the stable shapes to the temperature change is actually insignificant. It is worth mentioning that similar behavior is obtained when the composite is subjected to axial shear loading where 12 -0 and all other macroscopic strains are zero. Thus, the two-way shape memory effect can be detected in the graph of h against 12 and h against 11 as well as the other two principle macroscopic strains.
Thus far the global (macro) response of the SMA/epoxy composite has been shown. It should be interesting to investigate the local field distribution among the SMA fiber and matrix. Such an information may indicate the potential failure locations where stress concentrations might occur. This investigation necessitates, in order to detect such critical points, a fine discretization of the repeating unit cell that is shown in Fig. 3b (with H ¼ L) , To this end, N b ¼ N c ¼ 32 subcells were employed for the discretization with a fiber volume fraction of v f ¼ 0:3.
In order to examine the effect of the two-way shape memory effect on the local stress field at the high-and low-temperature shapes, the composite's temperature was, as before, initially set at 200 K to induce a twinned martensite phase in the fiber. The composite is subjected to an externally applied loading to form a detwinned martensite in the fiber. Upon a subsequent temperature increase, the detwinned martensite is transformed to austenite in the fiber and full recovery is achieved at h > 435 K. The corresponding distributions among the SMA fiber and epoxy matrix of the equivalent stress r eq ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi 3 s ij s ij =2 p (s ij are the deviatoric stresses) and the transverse shear stress r 23 are shown in Fig. 8a and b for an externally applied loading in the fiber (axial) direction. These stresses represent the high-temperature shape of the composite. Next, the temperature is decreased and a phase transformation between the austenite and the detwinned martensite takes place at h < 307 K. The resulting local stress distributions are shown in Fig. 8c and d , which represent the low-temperature shape of the composite. Fig. 8a shows that, as expected, the fiber carries most of the stresses and that their values decrease by almost twice at the low-temperature shape of the composite. The concentration of transverse shear stresses is appreciably higher in the high-temperature shape. Fig. 9 shows the corresponding distributions when the same composite is subjected this time to a transverse loading. To this end, the high-and low-temperature shapes are stable at h > 347 K and h < 260 K, respectively. Contrary to the previous case, the spread of the stresses within the epoxy matrix is clearly observed. In addition, the shear stress concentrations at the high-temperature shape of the composite by an order of magnitude is significant. From Figs. 8 and 9, it can be readily concluded that failure in the composite material is expected for the high-temperature shape. Finally, it is interesting to observe that although the macroscopic stresses are kept constant during the heating and cooling procedures, the local stress fields vary. It should be emphasized that the epoxy constituent is an elastic material. Therefore, the only inelastic strains in the SMA/epoxy composite material are generated in the shape memory alloy constituent. Since both the one-way and the two-way shape memory effects are associated with recovery and formation of transformation (inelastic) strains, it is reasonable that the SMA/epoxy composite exhibits a somewhat similar behavior to that of the monolithic shape memory alloy. In the case of an SMA/aluminum metal matrix composite that is discussed in the following on the other hand, inelastic strains are being generated in the aluminum matrix as well as in the shape memory alloy fiber. Hence, the response of the composite material is rather different than that of the monolithic shape memory alloy.
In Fig. 10a and b, the uniaxial stress-strain responses of an SMA/aluminum composite material are illustrated at reference temperatures h ¼ 240 K and h ¼ 300 K, respectively. An additional curve of the uniaxial stress-strain response of monolithic aluminum is drawn as a reference. By comparing Fig. 10a and b to Figs. 1a and b and 4a and b, it may be observed that the global response of the SMA/aluminum composite resembles the behavior of monolithic aluminum, while the overall response of the SMA/epoxy composite is similar to that of the shape memory alloy. This results from the significant plastic strains which are being generated in the inelastic aluminum matrix. These permanent strains cannot be recovered upon unloading, and consequently, the typical hysteresis behavior of shape memory alloys is not observed in these figures.
The one-way shape memory effect of the SMA/aluminum composite is illustrated in Fig. 11a . First, the temperature of the composite is set to h ¼ 200 K to induce a twinned martensite phase in the shape memory alloy fiber. Upon loading of the composite in the axial direction at this constant temperature of 200 K, a phase transformation between twinned and detwinned martensite is induced in the shape memory alloy fiber. If the applied load is released, macroscopic residual strains are observed in the composite material. These strains consist of the combined effects of plastic strains in the aluminum matrix and the (inelastic) transformation strains in the shape memory alloy fiber. Upon heating the composite, the detwinned martensite phase in the fiber becomes austenite. However, the plastic strains in the aluminum matrix do not recover. Moreover, residual microscopic compressive stresses are observed in the shape memory alloy fiber upon heating, which results from the mismatch between the coefficients of thermal expansions of the composite's constituents combined with the plastic strains in the aluminum matrix. These stresses are significant enough to generate a new phase transformation from the austenite to detwinned martensite. As a result, although some recovery of the global strains is observed (see Fig. 11b for a zoomed temperature-strain plot of this process), upon a subsequent decrease of the temperature, a new path in the strain-temperature curve is observed; this path is associated with the new phase transformation in the compression region.
It is well known that by applying the traditional training procedure on the shape memory alloy that consists of the application of loading-unloading-heating-cooling cycles results in permanent inelastic strains that enable the generation of the two-way effect in the material. In the present case of an SMA/aluminum composite, the existence of the elasto-plastic aluminum matrix results in the generation of residual microscopic plastic stains in this constituent during loading. Thus, the metallic matrix plays the role of a ''trainer" for the production of the two-way shape memory effect. The result of this procedure is depicted in Fig. 12 where upon subsequent heating and cooling cycles, two shapes are observed: a low-temperature shape (for h < 254 K) and a high-temperature shape (for h > 583 K). Although these shapes are stable in the sense that a phase transformation does not occur outside this range of temperatures, they are rather sensitive to temperature changes, and therefore, this training procedure is not practical for highaccuracy applications.
Finally, the procedure that was employed in this investigation to obtain the two-way shape memory effect was applied on the SMA/aluminum composite, as illustrated in Fig. 13a and b. The temperature of the composite is initially set at a temperature of h ¼ 200 K to induce a twinned martensite phase in the shape memory alloy fiber. Then, an externally applied loading in the fiber direction is imposed on the composite to form a detwinned martensite in the fiber. At this stage, microscopic plastic strains are generated in the aluminum matrix as well. Upon a subsequent temperature increase, the detwinned martensite phase in the fiber is transformed to austenite, but the plastic strains in the aluminum matrix do not recover. If the temperature is then decreased, a phase transformation between the austenite and the detwinned martensite takes place in the fiber; on the other hand, the state of the plastic strain in the aluminum matrix does not change. As a result, the two-way shape memory effect can be well identified in the SMA/aluminum composite (Fig. 13b) . Specifically, the reverse transformation between detwinned martensite and austenite phases takes place at the range of 705 K < h < 737 K where the forward transformation takes place at the range of 308 K < h < 410 K. It may be noted that the low-and high-temperature shapes are very sensitive to the temperature change. In addition, the hightemperature shape is stable at h > 737 K, which is rather high Fig. 11 . The SMA/aluminum composite material: (a) the one-way shape memory effect, (b) the relation between the temperature of the composite material and the axial macroscopic strain 11. Fig. 12 . The two-way shape memory effect of the SMA/aluminum composite material generated by inducing plastic strains in the aluminum matrix.
for practical applications of shape memory alloy composites. As a result, it seems that the two-way shape memory effect in SMA/aluminum composites is not useful in its current form.
The effect of imperfect bonding between the SMA fibers and matrix
The HFGMC model and the results shown thus far were based on the assumption that there is a perfect bonding between the SMA fiber and the surrounding matrix. Imperfect bonding frequently takes place when the interfacial stresses exceed the bond strength at the fiber-matrix. The effect of weak bonding has been extensively studied by Bednarcyk et al. (2004) in conjunction with the HFGMC model. To this end, the debonded interface is modeled by imposing discontinuity (i.e., jump) in a given displacement component across the interface which is proportional to the stress there:
where ½u i Int is the discontinuity in the displacement component i at the interface Int; r
Int i
is the corresponding stress component (traction) at the interface, and R i ðtÞ is a time-dependent parameter which is controlled by the specific constitutive law of the debonding (the parameters of which are usually determined by a correlation with measured data). As a result, Eq. (22) for example, which in the perfect bonding case imposes the displacement continuity conditions at the interface between subcell ðbcÞ and its neighboring one ðbc þ 1Þ, takes the form In the following, the two-way shape memory effect is investigated for the SMA/epoxy composite ðv f ¼ 0:3Þ which is subjected to a transverse normal loading. It is known (e.g., Bednarcyk et al., 2004 ) that under transverse loading, shear debonding only has a slight effect on the global composite transverse response. Consequently, results are generated herein for the SMA/epoxy composite ðv f ¼ 0:3Þ under the assumption that perfect bonding in shear exists, whereas the imperfect bonding in the normal direction is assumed to be controlled by the constant value of R ¼ 0:05 m=GPa. This debonding parameter reduces the effective transverse modulus of the SMA/epoxy composite from 6.34 GPa (perfect bonding) to 4.5 GPa, but its effect on the effective transverse shear modulus is negligible. Fig. 14 shows the high-temperature and low-temperature shapes of the composite with imperfect bonding in the normal direction, that is subjected to transverse normal loading. This figure is the counterpart of Fig. 9 in which perfect bonding was assumed. A comparison between these two figures reveals that due to the weak bonding, there is an increase in the induced stresses. In particular, the shear stress at the low-temperature composite's shape is by an order of magnitude higher. This indicates that at the low-temperature shape, failure will occur at the shown locations with high stresses. In conclusion, the effect of imperfect bonding on the induced local stresses in the constituents is significant and must be taken into account in the modeling of this type of composites. However, its effect on the global response is not as significant since it reduces the macroscopic stresses by approximately 18% (rather than an order of magnitude as in the local stresses).
Summary and conclusions
A robust thermo-micromechanical framework to simulate the response of unidirectional SMA/epoxy polymer matrix composite and SMA/aluminum metal matrix composite was developed in this study. This procedure accounts for the evolution of the one-way and the two-way shape memory effects in the SMA fiber, as well as the individual response of the matrix constituents. As a result, the thermomechanical macroscopic stress-strain-temperature relation of the composite as well the local field distribution between the SMA fiber and its surrounding matrix can be established.
In the present investigation, the HFGMC model was employed for the prediction of the response of two composite materials. First, the response of the SMA/epoxy composite material was investigated for cases of axial, transverse and transverse shear loading. In general, it can be concluded that the embedded shape memory alloy fibers have a significant influence on the macroscopic response of the composite material where the resulting one-way and two-way shape memory effects can be detected and utilized. Specifically, it was observed that the epoxy constituent changes the transformation temperatures as compared to those of the monolithic shape memory alloy. In addition, the evolution of the one-way and the two-way shape memory effects was found to be more rapid in the case of transverse loading. In the case of the Fig. 13 . The SMA/aluminum composite material: (a) the two-way shape memory effect, (b) the relation between the temperature of the composite material and the macroscopic axial strain 11.
transverse shear loading, the two-way shape memory effect can be identified in both the temperature-macroscopic shear strain and the principle macroscopic strains. Axial shear loading of the composite exhibits similar behavior.
Next, the effect of the shape memory alloy fiber volume fraction on the two-way shape memory temperatures for applied axial and transverse loading of the SMA/epoxy composite was examined. It was found that the temperature change which is required for the transition from the low-temperature stable shape to the high-temperature stable shape decreases with the increase of the fiber volume fraction.
The response of an SMA/aluminum composite material was investigated as well. It was shown here that the application of one-way shape memory effect of the SMA/aluminum composite results in a new training procedure, which is similar to the traditional one; this procedure is carried out by generating permanent plastic strains in the shape memory alloy. Here on the other hand, it was suggested to generate microscopic plastic strains within the aluminum matrix and not in the shape memory alloy fiber. It was shown that these strains result in a macroscopic two-way shape memory effect of the composite material. In addition, another loading cycle which results in the two-way shape memory effect was demonstrated in this study. However, it can be readily concluded that the two-way shape memory effect in SMA/aluminum composites does not seem to be useful in its current form, since the two stable shapes are highly sensitive to the surrounding temperatures. It is possible that a metallic matrix with lower coefficient of thermal expansion than that of the aluminum may result in a better performance.
The present investigations concludes by considering the effect of imperfect bonding between the SMA fiber and the surrounding matrix. This is illustrated by considering a constant debonding parameter that controls the imperfect bonding in the normal direction.
In a future investigation, this micromechanical model may be generalized to three-dimensional geometries (short fiber composite) to model more complex shape memory alloy reinforcements. In addition, our future research will employ a structural analysis in which the established micromechanical model will be used as constitutive equations to predict the response of shape memory alloy composite structures (e.g. a composite beam) that exhibit the two-way shape memory effect.
